Microbial adhesion to hydrocarbons and microelectrophoresis were investigated in order to characterize the surface properties of Cryptosporidium parvum. Oocysts exhibited low removal rates by octane (only 20% on average), suggesting that the Cryptosporidium sp. does not demonstrate marked hydrophobic properties. A zeta potential close to ؊25 mV at pH 6 to 6.5 in deionized water was observed for the parasite. Measurements of hydrophobicity and zeta potential were performed as a function of pH and ionic strength or conductivity. Hydrophobicity maxima were observed at extreme pH values, with 40% of adhesion of oocysts to octane. It also appeared that ionic strength (estimated by conductivity) could influence the hydrophobic properties of oocysts. Cryptosporidium oocysts showed a pH-dependent surface charge, with zeta potentials becoming less negative as pH was reduced, starting at ؊35 mV for alkaline pH and reaching 0 at isoelectric points for pH 2.5. On the other hand, variation of surface charge with respect to conductivity of the suspension tested in this work was quite small. The knowledge of hydrophobic properties and surface charge of the parasite provides information useful in, for example, the choice of various flocculation treatments, membrane filters, and cleaning agents in connection with oocyst recovery.
Waterborne outbreaks of cryptosporidiosis have been reported with increasing frequency since the 1980s. One of the latest outbreaks took place in Milwaukee, Wis., in April 1993 and involved the infection of 400,000 people (9) . In the face of this important issue, the removal of Cryptosporidium spp. from water has become a necessity. In order to estimate the efficiency of microfiltration systems designed to remove Cryptosporidium oocysts from surface water, it is necessary to obtain information concerning the surface characteristics of the oocysts. The understanding and mastering of the complex sorption phenomena involve an evaluation of the hydrophobic and electrostatic surface properties of the parasite. Indeed, hydrophobicity and zeta potential are parameters which, when correlated to the chemical characteristics and the parasite structure, have a significant influence on the complex adhesion mechanisms of the microorganisms as they associate with suspended particles or filtering devices. Nevertheless, the preferential adsorption of specific microbial cells cannot be explained simply by referring to the effect of a single force or by the simple balance of energy and surface electrostatic charges. In addition, the overall analysis of the mechanisms is complicated by the effects of pH and ionic strength acting on the double-layer structural surface of the cells and on the adsorbing particles. According to Badenoch (1) , the Scottish Parasite Diagnostic Laboratory is currently studying the surface physicochemical properties of oocysts. Although the microelectrophoretic technique used to determine the zeta potential of a colloidal particle is well-known, a wide range of methods is available to estimate the hydrophobic properties of microbial cells, most notably, measurement of the contact angle (17) , aggregation tests in a saline medium (salting-out aggregation test) (8) , hydrophobic molecular probes (6) , hydrophobic interaction chromatography (7), adhesion to hydrophobic solid surface (14) , and the assay of microbial adhesion to hydrocarbons (MATH) (13) .
Of the above techniques, the MATH assay is the most practical and the one most frequently referred to in the literature. The method is based on the degree of adherence of the cells to various hydrocarbons following a brief period of mixing. The decrease of adsorbance of the lower aqueous phase is used as a measurement of cell surface hydrophobicity.
The aim of this work was to determine the hydrophobic and surface electrostatic properties of the parasite Cryptosporidium sp. The measurement of these parameters was performed at various pH values, ionic strengths, and conductivities in order to evaluate the effects of some environmental and experimental factors on the intrinsic surface characteristics of the parasite.
MATERIALS AND METHODS
Cryptosporidium oocysts. Cryptosporidium oocysts were obtained from calf feces (M. Nacivi, Institute National de la Recherche Agronomique, Tours, France) and kept at 4ЊC in the presence of 2.5% potassium dichromate. The oocysts were purified by sedimentation with the addition of ethyl acetate and formaldehyde followed by flotation over sodium chloride and, finally, centrifugation on a sucrose gradient (specific gravity, 1.3-1.1-1.04) (2) . The oocysts are suspended in deionized water following two washings.
It is important to note that potassium dichromate affects the surface characteristics of the oocysts, but the storage of oocysts in preservative solutions is essential and has been used in most works published on oocysts. The extent of this effect is not yet well quantified, and the results reported in this work are, for the moment and until more information is available, the only basis for a study of oocyst behavior in the environment.
Modified MATH test: principle. The MATH test as described by Rosenberg et al. (13) was modified to include other types of microorganisms such as a Cryptosporidium sp. (3) .
In a first step, 2.5 ml of suspended purified oocysts is placed in a glass tube and vortexed for 120 s. This is the control tube. The suspended oocysts are counted before and after mixing with an optical microscope equipped with a Thoma counting cell at ϫ400 magnification. This measurement is designed to estimate the adhesion of the oocysts to the surface of the glass tube and the phenomenon of autoaggregation of the oocysts, which may interfere with the assay of adhesion to octane. In a second step, 1 ml of octane (99%) is added to 2.5 ml of the same oocyst suspension, and the mixture is vortexed for 120 s. After the tubes are allowed to stand for 5 min, three distinct phases can be observed: an upper phase consisting of octane, a middle phase composed of an emulsion of octane, oocysts, and water, and a lower phase made up of the aqueous oocyst suspension. The oocysts present in the aqueous phase are counted according to the protocol described for the control tube. When adhesion takes place, the cell-coated octane droplets rise to form a stable ''cream,'' and the oocyst concentration and the turbidity of the lower aqueous phase decrease. The percentage of oocysts adhering to octane (oocysts associated with octane droplets in the emulsion phase due to hydrophobic interactions) is computed by using the countings obtained from the optical microscope equipped with a Thoma counting cell: %A ϭ [(ct Ϫ ce)/ct] ϫ 100, where A is adhesion of oocysts to octane, representing the hydrophobic potential of Cryptosporidium parvum; ct is the number of oocysts in the control suspension (after mixing); and ce is the number of oocysts in the aqueous phase of the assay (after mixing).
Zeta potential determination. Measurements of zeta potentials were performed with purified suspensions of C. parvum at room temperature in a zeta meter (Lazer Zee Meter, model 501; Pen Kem); the particles were monitored with a microscope on the basis of the scattering of an incident laser beam to allow detection of the oocysts at relatively low magnifications. The zeta meter is calibrated by measuring potential values of metallic particles of titanium for which zeta potentials were known. This method for the determination of the zeta potential of bacteria is that of Van Der Mei et al. (16) .
Effect of reagents used in purification protocol. Two series of preliminary experiments were performed to evaluate the eventual global effect of oocyst purification on hydrophobicity.
Measurements of Cryptosporidium oocyst hydrophobicity were performed after a purification involving only flotation over sodium chloride and a sucrose gradient. These first assays should show the effects of formaldehyde and ethyl acetate on the surface characteristics of the parasite and the effects of remaining fecal material on subsequent measurements.
The second series of assays involved hydrophobicity measurements for oocysts purified without use of a sucrose gradient.
Effect of environmental factors. Various pH values, conductivities, and ionic strengths were tested in order to demonstrate the effects of these parameters on the surface charge and hydrophobic properties of the parasites. Conductivity measurements were considered an estimation of the importance of the ionic strength, which is difficult to determine for a complex medium such as river water.
(i) Hydrophobicity. Purified oocyst suspensions of 10 5 oocysts per ml were brought to pH 2, 4, 5, 6, 7, 8, 9, 11, and 13 by the addition of 0.1 N HCl or 0.1 N NaOH. The percentage of adhesion to octane (%A) was measured for each suspension. Conductivity measurements (Konduktometer E 382; Metrohm AG) were also performed on these samples. The influence of the ionic strength on the surface hydrophobic potential of the oocysts was also estimated by the MATH test on Cryptosporidium suspensions in the presence of MgCl 2 at concentrations ranging from 5 ϫ 10 Ϫ4 to 5 ϫ 10 Ϫ2 M. (ii) Zeta potential. The zeta potential of oocysts was measured instantaneously for pH values ranging from 3 to 12 by the addition of 0.1 N HCl or 0.1 N NaOH. The influence of the ionic strength of the suspension was estimated by measuring the zeta potential of oocyst samples suspended in MgCl 2 solutions (10 Ϫ2 and 10 Ϫ4 M) of known conductivities. The behavior of oocysts in surface water was also studied by determining the zeta potential of Cryptosporidium oocysts suspended in raw river water (drawn from the Moselle River at Messein, France) filtered through 0.22-m-pore-size filters and adjusted to pH values of 2 to 10 by the addition of 0.1 N HCl or 0.1 N NaOH. Conductivity measurements were also performed on these suspensions.
RESULTS
Adhesion to octane. Seventeen samples were tested to provide a mean percentage of adhesion of oocysts to octane. The mean hydrophobic potential (%A) of purified oocysts suspended in deionized water, and at pH close to 6, is 18.75% Ϯ 10.05%.
Zeta potential. A mean zeta potential was obtained from three samples under similar experimental conditions. Cryptosporidium oocysts were found to have a negative surface charge of Ϫ25 Ϯ 2.8 mV at pH 6. According to Fig. 1 , the surface potential of oocysts appears stable over time. Indeed, the zeta potential (absolute value) did not significantly decrease in oocyst suspensions containing deionized water at neutral pH after a period of 2 weeks (according to the nonparametric KruskalWallis test [critical probability ϭ 0.18]). Just a slight decrease was noticed after 1 month (Kruskal-Wallis; critical probability ϭ 0.05).
Effect of purification reagents on MATH test results. All hydrophobic particles were not eliminated in the absence of formaldehyde-ethyl acetate, although many of the particles rose into the upper octane layer, forming an important emulsion. Oocyst counting was not possible in the aqueous layer because too much debris interfered with microscopic observation. These results confirm the necessity for the presence of formaldehyde-ethyl acetate in the final counting step required in the MATH test. Moreover, the hydrophobic character of part of the feces particles could interfere in the results of the test, as such particles could react with oocysts and drag them into the octane layer during the test. Thus, the oocyst suspension must be completely purified and the formaldehyde-ethyl acetate step is essential, even if, hypothetically, it could modify the external structure and especially the hydrophobic structure of the parasite. Until now, no study of the magnitude of the effect of these reagents on the biochemical external structure of the oocysts has been performed.
In a second series of assays in which the purification protocol was employed without a sucrose gradient, parasite hydrophobicities were determined. These results (Fig. 2) show an adhesion percentage of oocysts to octane statistically identical (according to the nonparametric Wilcoxon test [critical probability, Ͼ0.4]) to the results obtained when a sucrose gradient was used. Also, the fecal material retained by the sucrose gradient seemed to have no effect on the hydrophobicity measurements.
Effect of physicochemical characteristics of the medium on adhesion of oocysts to octane. Three series of experiments were conducted to estimate variations of the percentage of adhesion of oocysts to octane (%A) with respect to pH. Results are displayed in Fig. 3 , which shows the variations in the percentage of adhesion as well as in the conductivity of the suspensions with respect to pH. It appears that the surface hydrophobic potential (%A) of the oocysts increases as the pH reaches extreme values and decreases to a minimum at pH 7. A similar behavior is observed with the conductivity as the pH of the suspension varies. It was also observed that the range of 
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percent adhesion to octane is not very broad; thus, the hydrophobic property of Cryptosporidium oocysts is not very dominant. In order to study a possible link between the increase of the hydrophobic potential at extreme pH values and the increase of the conductivity, and thus of the ionic strength in the suspension, percentages were computed for various suspensions at increasing concentrations of MgCl 2 , increasing conductivities. Figure 4 shows the variations of the surface hydrophobic potential (%A) of oocysts with respect to the concentration of MgCl 2 at pH 6. This graph shows that the ionic strength of the medium has an effect on the adhesion of oocysts to octane. Indeed, the concentration of MgCl 2 , and therefore the conductivity of the suspension, causes a marked increase of the surface hydrophobicity of the oocysts. The variation of the hydrophobic potential of the oocysts (Fig. 3) is due not only to the variations of pH but also to the effect of conductivity.
Variations of zeta potential with respect to physicochemical characteristics of the medium. Two series of experiments were conducted to estimate the variations of the zeta potential with respect to the pH. Results are shown in Fig. 5 . Cryptosporidium oocysts act like colloidal particles, with a global negative charge in an aqueous medium. In order to determine the pH at which the surface potential of the oocysts becomes zero, a linear relationship between the observed zeta potentials and pH was established (equation 1) ( 
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HYDROPHOBICITY AND ZETA POTENTIAL OF C. PARVUM 1229 model is 0.82; it is significant at 1% for n Ϫ 2 ϭ 26 (4). With this equation, the pH corresponding to a zero zeta potential may be computed. Oocysts thus have an isoelectrical point (pH values at which the zeta potentials are zero) close to 2.5. The zeta potentials of various oocyst suspensions at known conductivities and pH values were studied to estimate the effect of the ionic strength and environmental conditions that may be present in river water. Figure 7 shows the variations of the zeta potentials for several samples of oocysts suspended in an aqueous solution or in river water and in MgCl 2 solutions of known conductivities. The global variations of the zeta potential of oocysts with respect to the pH are consistent under all experimental conditions tested: the decrease of the pH led to a decrease of the negative surface charge of the parasites to a value of close to 0 at a pH of close to 3. Table 1 shows the variations of the zeta potential with respect to the conductivity of the medium; the zeta potentials did not increase with elevated conductivity. (Mg 2ϩ does not appear to be specifically adsorbed since the polarity of the charge did not change, though the absolute potential decreased slightly.) When the global variations of the zeta potential in river water as well as deionized water are considered, it appears that the behavior of oocysts with respect to pH is little modified (Fig. 8) . The zeta potential of oocysts remains negative for pHs ranging from 3 to 12 in the case of oocysts suspended in raw river water. The chi-square test was performed to test the hypothesis that zeta potentials in river water are identical to nonlinear model theoretical data obtained from deionized water zeta potentials. The hypothesis was not rejected at a threshold of 5%. The behavior of oocysts corresponds, therefore, to the model defined for deionized water and applied to filtered surface water FIG. 6 . Linearization of the model connecting zeta and the pH.
FIG. 7. Evolution of zeta potential for different
Cryptosporidium oocyst suspensions of known conductivities with respect to pH. S, deionized water suspension (conductivity without adjustment of pH, Ͻ100 S/cm); ᮀ, Moselle River water suspension (conductivity without adjustment of pH Ͼ300 S/cm); }, suspension with addition of MgCl 2 (conductivity, 29 and 1,800 S/cm); å, unfiltered Moselle River water suspension (conductivity without adjustment of pH, Ͼ300 S/cm). (for conditions corresponding to a maximum conductivity of 700 S/cm).
DISCUSSION
Until now, there have been few studies focusing on the estimation of the zeta potential and the hydrophobic properties of Cryptosporidium spp. The results of assays of adhesion to octane show that Cryptosporidium oocysts do not demonstrate a marked hydrophobic property (for the pH range usually seen in surface water: about neutral). The adhesion of oocysts to octane is close to 20% on average. The adhesion values vary with the pH and the ionic strength of the neighboring medium but never pass a still modest level of 40%. The hydrophobicity of the parasite is low. This supports the hypothesis of Musial et al. (11) regarding the preferred adhesion of oocysts to a surface made of glass rather than hydrophobic plastic materials. Musial et al. (11) have also reported on the specific property of oocysts to cling to polypropylene filters and the ability of detergents (acting as chaotropic agents) to dissociate oocysts from the filters. The hydrophobic properties of Cryptosporidium oocysts enhanced by suspensions of high conductivity could thus influence, although modestly, the adhesion tendencies to that type of surface. The continuous increase of the hydrophobicity with increasing ionic strength of the medium could be related to a hypothesis formulated by Tanford (15) , who indicated that at high ionic concentrations the solubility of a compound was affected by a decrease of the availability of water molecules and an increase of the surface tension of water, thus increasing hydrophobic interactions. Nevertheless, the rise of the surface hydrophobic property of the parasites resulting from pH variations seen during the procedures used to clean and unclog the filters of microfiltration systems for the treatment of surface water is not high enough to lead the parasites to bond to the filtering surfaces. A zeta potential close to Ϫ25 mV at neutral pH in deionized water and in river water (with conductivity of around 300 S/cm) was observed when the surface charge of the Cryptosporidium sp. was tested. Ongerth (12) reported that the surface potentials of fresh Cryptosporidium oocysts were Ϫ20 and Ϫ25 mV at neutral pH. This confirms the results of our study, although the suspending medium of oocysts in Ongerth's work was not described. According to Montiel and Welte (10) , the zeta potential of Cryptosporidium sp. would be Ϫ10 mV in water. In addition, our work shows that the potential does not vary with time, at least within 1 month following the introduction of the parasite to water. The surface charge of the parasites was found to increase slowly with decreasing pHs: starting at Ϫ35 mV for alkaline pH and reaching 0 for acidic pH (pH 2.5). Ongerth (12) also reported an evolution of the negative charge of Cryptosporidium oocysts to 0 for a pH of 4 to 4.5, but the suspending medium was still not described. Information gained from knowledge of the variations of the surface charge of oocysts in the assayed media and with respect to the pH is of great interest. Indeed, in many cases, the adsorption of the particles may be reversed simply with modification of the pH. This suggests that the charge might be totally reversed. Indeed, the pH corresponding to optimal adsorption depends on the isoelectric point of the microbial cell and on the adsorbing material. However, the interactions between the cells and the adsorbing particles (suspended in a fluid, for example) depend not only on the pH but also on the ionic strength of the surrounding medium. Thus, although the variation of the surface charge is not important under the experimental conditions of this work (river water with maximum conductivity of around 700 S/cm), it should be emphasized that in wastewater, which is characterized by quite elevated ionic strength, the surface charge would probably be further decreased, as has already been reported for numerous bacteria (5) . In this study, Cryptosporidium oocysts suspended in a solution of MgCl 2 (10 Ϫ2 M) of high conductivity (around 1,700 S/cm) showed limited absolute variations of the overall negative charge. However, knowing the behavior of the surface charge of oocysts in river water provides a better understanding of possible adhesion phenomena of oocysts during the pH variations associated with the cleaning processes of filters used in microfiltration systems. In addition, the management of flocculation techniques used to detect and remove Cryptosporidium oocysts from water involves knowledge of the surface charge of the parasite at the desired pH.
